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lecular  beams  are  being  used  to  study  chemical  interactions  on  surfaces 
with  increasing  frequency  and  effectiveness.  During  the  period  beginning 
in  1970  through  the  spring  of  1975>  the  number  of  published  papers  In 
this  Keld  approximately  doubled.  It  is  the  purpose  of  this  article 
to  comprehensively  review  the  field  of  molecular  beam  studies  of  chemical 
Interactions  on  surfaces  during  this  period  and  provide  a helpful  per- 
spective for  the  use  of  other  workers  in  this  field. 
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I.  nrmoDucnow 

In  1970,  Merrill  reviewed  the  application  of  molecular  baama  to 
etudiea  of  gae-aurface  interactions  related  to  catalysla.^^^  Since 
that  time  there  has  bem  a rather  impressive  increase  In  the  noaber  of 
ejqperiaental  studies  in  this  area.  More  recently,  Saltsburg  has  reviewed 

the  dynamical  aspects  of  gas-surface  collisions,  with  sane  eavhaeia  on 

(2) 

beam  ejqperiments . ' The  latest  advances  in  «qperiaental  tectwiifuee  in 

molecular  beam  studies  of  reactive  scattering  and  heteroganeous  oatalreis 

(3) 

have  been  reviewed  by  Staith'  ^ and  most  recently  by  Midlx.*  ' The  pnrpoee 
of  this  review  is  to  present  both  a eos^rehensive  survey  of  the  so^peri- 
mental  work  that  has  been  reported  subsequent  to  the  review  by  NMrrlU 
and  to  focus  critical  attention  on  tdiat  Is  felt  to  be  the  more  significant 
features  of  this  woxic.  While  our  first  intent  can  be  carried  out  rather 
objectively  we  have  chosen  to  focus  on  those  aspects  of  the  work  that 
relate  sK>re  closely  to  our  own  research. 

Withia  the  soope  of  this  article  we  will  cover  molecular  beSB  work 
in  the  area  of  dienisorption,  Including  a discussion  of  the  phsmsaNMa  of 

*Ihis  WDxk  was  partially  sponsored  by  the  Office  of  Raval  Us  search 
Contract  No.  lfOOOl4-72-C-aeU7. 


adsorption”  and  sow  of  its  iapUeations,  as  wall  as  stadias  of 
taatarofSBaous  chaaii ■!  raaetionSf  iBeluding  siapls  tmlanlaanlar  daeoapositioB^ 
raaattnns  with  the  surface  itself  and  finally,  surface  eatalyaad  biaalaeBlar 
raactions  betuaen  distinct  ehesdcal  species.  A discussion  of  tte  oivari* 
■antal  details  of  sBlecular  beasi  tccbnivaas  and  their  advaati^aa  for  stadias 
of  chanlcal  interactions  on  surfaces  baa  bean  intentionally  aaoidad,  since 


several  earlier  articles  have  already  covered  these  topics  in 


dstaU.' 


It  would  be  unfair  to  the  reader  and  other  uoxlEars  in  tha  field  to 
suneat  that  the  use  of  snleeular  beaaw,  even  vhan  used  in  oenjunetion 
with  andcn  surface  analysis  te^iques,  has  resulted  in  a thorough  and 
generally  accepted  understanding  of  even  the  sisqplast  surface  rtwiral 
processes.  However,  significant  progress  has  been  nads  in  as^loriag  the 
details  of  chant  sorption  and  catalytic  reaction  andiaaisas  for  a naiher 
of  interesting  chemical  systesn,  and  these  advances  are  a hopafhl  indication 
of  further  progress  to  oosw. 


Nolecular  beams  have  been  used  in  a number  of  studies  of  adsorption 
on  SMtal  and  seaioonductor  surfaees.^^'^^^  Kobrt  and  Ooswr  used  an  ua* 
oollinated  effusive  source  to  study  00  adsorption  on  tungsten.  They 
found  that  the  Initial  sticking  coefficient  of  00  daeraasad  with  Inrraastm 
gas  or  surface  tamparatun.  Tha  angle  of  incidnoea  of  the  bean  waa  not 
varied  in  these  experiments,  however.  Madey  has  also  used  nneollinatad 
beans  to  deliver  precise  doees  of  gas  to  single  crystal  aurfaeas  in  ultra- 
high  vaeunn.  Here,  neither  the  temperature  nor  the  angle  of  incldenca  of  tha 
bean  was  not  varied  in  tbasa  studies.  Other  studies  of  adsorption  have 
also  been  eerrled  out  using  nolecular  beans,  but  in  only  a fsw  cases  have 
either  the  angle  of  incidence  or  tha  taaparatura  of  tha  baasi  bean  varied, 
nils  is  unfortunate,  since  recent  results  indicate  that  these  paraswtara 
nay  have  a significant  effect  on  tha  sticking  ooaffieiant,  aapeeially  on 
snooth  single  crystal  surfsoaa  where  the  been  species  ai^Tarianeas  a aiagla 
collision  at  a well  defined  scattering  angle. 
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King  and  Vfells  have  e]q>loited  the  advantages  of  aoleoUar  baaM  to  a 

gSTMtar  degree  by  using  well*eolliaated  beasts  to  study  nitrogen  adsorptloa 

(12) 

on  polyeryatalllne  and  single  crystal  faces  of  tungsten.'  ' Itelr  tedmlgue 
peradts  accurate  measurements  of  the  sticking  coefficient^  8f  and  the  «««■>»•- 
of  adsorbed  atoms»  N,  by  following  the  pressure  increase  in  the  target  cell 
as  a Ainction  of  the  time  of  exposure  to  the  beam.  They  discuss  several 
advantages  this  technique  over  the  flasb>desorption  method  more  eosssoaly 
used  to  study  adsorption  kinetics.  In  addition  to  allowing  a sisg^fled 
experlaental  procedure,  the  use  of  sharply  eoUiisated  snlecular  beams  peisdts 
the  adsorption  study  to  t>e  confined  to  a well-defined  area  of  the  surfhoe, 
thereby  minimizing  the  effects  of  crystal  edges,  supports,  and  vaeoam  walls. 
King  and  Wells  varied  the  angle  of  incidence  of  the  room  temperature 
beam  on  the  surface  but  observed  no  angular  dependence.  However,  the  target 
in  this  case  was  a polycrystalllne  tungsten  foil  that  was  presumably  rather 
rough  on  an  atomic  scale.  Studies  in  which  angular  dependences  of  the 
sticking  probability  have  been  observed  appear  to  be  limited  to  eases  where 
the  preparation  procedures  have  restHted  in  relatively  smooth  target  surfaces, 
usually  of  single  crystal  material. 

Svidently  Hughes  and  Levinstein  were  the  first  to  use  interrupted  or 
"modalated"  beaiss  to  study  adsorption  kinetics  on  surfhees.^^^  By  using 
such  a beam  to  slightly  pertvurb  the  surface  equilibrium  coverage,  a charac- 
teristic relaxation  time  t can  be  determined  by  sinqply  measuring  the  exponen- 
tial decay  of  the  desorption  flux  or  surface  coverage  with  a suitable  sensing 
instruamnt.  This  characteristic  "sojourn”  or  lifetime  on  the  surface  usually 
varies  with  tesgwrature  in  a manner  given  by 

T « exp(E^/kT)  , 

idiere  is  the  activation  energy  of  the  rate  limiting  step,  e»g.,  the  binding 

energy  of  the  adatom  to  the  surface,  and  is  a rather  complex  fhnetion  of 

the  degrees  of  freedom  in  the  adsorbed  state,  but  usually  ranges  Aram 
-12  -lit 

10  to  10  seconds.  By  mecMuring  t as  a functl<m  of  the  surface  temper- 
ature, and  r ^ can  be  determined.  Arthur  has  used  this  technlqiae  to  study 
the  adsorption  kinetics  of  various  species  including  Oa,  As»  and  As<^  on  OaAs 
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exystal  Surprlalngly,  tbey  found  ttaat  the  dienieter* 

istie  teeperetures  of  both  scattered  and  desorbing  ASg  and  As^  uere 
well  below  the  QaAs  surface  tesqperat\ire,  whereas  for  Ga  on  OeAs  and 
ASg  and  Asj^  on  Ga  covered  GaAs,  the  velocity  distributiona  were  diarae** 
teristic  of  the  surface  temperature.  Although  the  target  was  rotatable 
in  their  study,  the  angles  of  incidence  and  detection  of  the  scattered 
and  evaporated  species  were  not  reported.  These  data  are  of  interest 
since  it  is  ejected  that  the  deviations  from  the  usual  Xhudsen  law  or 
cosine  desorption  flux.  Arthur  and  Brown  suggest  that  the  evaporating 
ASg  and  AS]^  mist  carry  the  kinetic  energy  deficit  in  internal  nodes. 

However,  their  themodynssiic  az^piment  is  not  caviling  in  the  absence 
of  a detailed  synthesis  of  the  equilibrium  condition. 

Foxon,  Boudry  and  Joyce  have  employed  even  more  advanced  techniques  to 
study  the  kinetics  of  gas-surface  interactions. They  have  also  report- 
ed adsorption-desorption  kinetics  for  Ga  and  As^  on  GaAs  surfaces  using 
signal  averaging  and  fourier  transform  analysis  of  modulated  beam  data. 

This  technique  is,  in  principle,  superior  to  phase  sensitive  detection  in 
tezns  of  the  information  obtainable  f^m  a single  eicperiisent.  They  did  not 
observed  desorption  of  AS2  and  AS|^  below  the  substrate  temperature  although 
their  measurements  were  made  in  a regime  where  Arthur  and  Brown  saw  only 
slight  deviations.  Foxon  et  al.  also  report  that  the  sticking  of  As^  on 
GaAs  increases  approximately  two  orders  of  magnitude  when  the  surface 
teoG>erature  is  raised  ftom  600  to  900  K. 

Tenqperature  and  angular  flux  anomalies  have  also  been  observed  in 
molecular  beam  studies  of  adsorption  and  desorption  for  other  gas-surface 
systems.  Balmer  et  al.  have  used  modulated  molecular  beams  to  study  ad- 

f2l) 

sorption  on  epitaxially  grown  single  crystal  films  of  nickel  and  silver.'  ’ 
By  carefully  measuring  the  reflected  flux  as  a function  of  the  angle  of 
incidence  of  the  beam,  relative  sticking  probabilities  were  obtained  for 
hydrogen  and  helium  on  these  surfeuses.  These  measurements  showed  a distinct 


k 
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angulAr  dependence  of  the  adaorptlon  rate  for  D2  <m  Nl(lU)  anA  to  a leeeer 
extent  on  Ag(lll)  surfaces  vith  the  adsorption  probability  deereaelng 
r^idly  toward  glancing  incidence.  Also,  in  this  study,  a baaa  of  waa 
reacted  vith  nomal  hydrogen  (inotiusi)  eheodsorbed  on  a lll(lll)  sortaoe  and 
the  angular  distribution  of  the  mixed  species  HD  desorbing  trtm  the  surface 
was  meastured.  By  modulating  the  beam  and  using  a mass  qwetroastar  to  dataet 
the  HD  in-phase  signal  by  means  of  a lo^-in  type  aaplifier,  only  the  signal 
resulting  from  the  immediate  reaction  of  the  beam  vith  surface  hydrogen  was 
obtained.  Interestingly,  the  desorbing  HD  was  found  to  have  an  angular 
dependence  that  was  fit  quite  well  by  a function  of  the  fon  ooa^  vhare 
2m3  < d < ^.0,  depending  on  the  smoothness  of  the  particular  Hi(lU)  film 
being  studied.  Moreover,  by  conceptually  synthesizing  an  eguilihrium 
Isotropic  flux  at  the  surface  from  a superposition  of  individual  beams 
and  invoking  the  "cosine  law,"  the  singular  distribution  for  the  desorption 
of  hydrogen  from  Ni(lU)  could  be  obtained  from  the  hydrogen  reflection 
data  alone.  This  internal  consistency  was  not  only  satisfying  ai^erimsntally, 
but  demonstrated  that  basic  thermodynamic  principles  such  as  mieroaeopic 
reversibility  and  the  cosine  law  could  be  used  to  relate  the  procsessat  of 
adsorption,  desorption  and  reflection.  F&lmer  also  found  that  tha  rate  of 
chemisorption  of  hydrogen  on  700  K Ifl(lU)  depended  on  the  beam  tenparature 
with  an  apparent  utivstlon  energy  of  m 2 keal/mole  which  is  conaistent  with 
their  observed  adsorption-desorption  angular  dependence.  IDrakowaki  and 
Olander  have  seen  a similar  energy  dependence  in  a beam  study  of  hgrdrogen 
dissociation  on  tantalum.  For  a fixed  target  toiqperature,  they  maaaured 
a beam  tenperature  dependence  that  indicated  an  activation  energy  of  l.U  kcal/ 
mole  for  dissociation. 

Smith  and  Palmer  also  studied  IL/d.  exchange  on  epitaxially  grown 
Pt(lll)  films  and  obtained  results  similar  to  those  on  the  nickel  filma.^  ' 
Again,  the  sticking  probability  of  hydrogen  was  found  to  decrease  as  the 
angle  of  the  beam  relative  to  the  surface  normal  was  increased  and  also 
increased  with  beam  temperature,  suggestive  of  an  activation  barrier  to 
adsorption  of  about  2 kcal/mole.  Smith  and  Palmer  recently  published  the 
results  of  a study  of  the  catalytic  oxidation  of  a modulated  molecular  beam 
of  D2^  also  on  Pt(lll).^^^^  These  results  also  reveal  the  same  temperature 
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•ad  dependences  for  the  hydrogen  chealsorptixMQ  ratM  olwierired  la 

the  exchange  study. 

Steinbruchel  and  Schaidt  have  also  studied  the  angular  ilafanilmae  of 
the  sticking  coefficients  of  vaurious  gases  such  as  Hg#  CO*  (X>2»  ^ end  ^ 
on  tf(lOO)  and  tf(UO)  surfkees  using  a sinple  aolecular  basB  apparatos*'^' 

In  graeral,  they  found  that  3(6^)  increases  slightly  toward  graslag  tncidance. 
However,  for  ^2  ^ decreases  aarksdiy  toward  grasiag 

incidence  in  qualitative  agreeswnt  with  the  results  of  RUacr  and  flM.th  on 
Hi(lU)  and  Pt(lU).  Unfortunately,  Steinbruchel  and  Sctaaldt  could  not 
vary  the  tesg>erature  of  the  beasi  to  detemine  the  energy  dependences  for 
chesdsorption  on  lif(llO). 

The  experiaental  observation  that  in  a nunber  of  cases  8 ■ i* 

particularly  interesting  because  tho':c  results  challenge  the  trediticnal 
view  of  chesdserption.  Langsuir  propored  that  chenisorptioa  proceeds  via  a 
physisorbed  or  "precursor"  state  that  allows  a great  deal  of  nDbility  along 
the  surface.  A physisorbed  aton  or  iWilecule  slides  across  the  eorlhoe  in 
this  precursor  state  until  a suitable  "site”  for  ebealsarptlon  is  sneountersd. 
Ue  can  Irrir*"^  that  in  awuiy  cases  a i>artictUstr  spatial  oriantation  of  tbs 
adsorbate  at  specific  "sites"  or.  ttv  surface  is  re<|uired  in  order  for  Pt—lcal 
bonding  to  occur  (steric  effect)  and  that  any  activation  barrier  to  this  step 
must  be  overoewe  by  energy  input  fTon  the  surface.  This  nodal  leads  us  to 
expect  that  the  probability  for  physiscartion,  and  hence  also  disniaorption, 
is  either  constant  or  decreases  as  the  teegwratore  of  the  gas  is  inereased. 
This  is  beoBuse  tipping  at  the  surface  is  only  ejqpectsd  »bsre 

Tq  is  the  bean  tesg>erature  and  E.  is  the  potential  well  depth  of  the  precursor 
state. 

Extensive  laoleoular  bean  stadies  of  both  reactive  end  non'reactlve 
scattering  fron  smooth  metal  surfaces  have  demonstrated  that,  in  most  eases, 
the  gas'surface  interaction  potential  can  be  considered  to  be  essentially 
one*dimenslonal  in  the  direction  of  the  local  surface  nonnl.  In  a few 
eases,  such  as  on  there  is  significant  pariodiei^  in  the 

plane  of  the  surface  giving  rise  to  diffraction  and  "raliAov  soatterlag.” 
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Bowwer,  one  can  usually  consider  that  only  the  nomal  coaponent  of  the 
velocity  of  an  ineoBing  particle  is  involved  in  the  interaction  with  a 
aetal  surface.  Since  thi.  effective  gas  teaperature  varies  as  the  second 
power  of  the  particle  velocity,  the  surface  sees  a been  tfereture  that 
varies  as  cos" 8^.  Froc  the  above  considerations  it  is  *acpectmd  that  wImh 
kig  m the  sticking  coefficient  will  increase  as  is  lowarad  or, 
equivalently,  as  the  angle  of  incidence  of  the  beaa  is  increased.  Of  eoarse, 
the  ezperlaental  observation  of  the  latter  effect  requires  that  the  surface 
be  sseoth  on  an  atoaie  scale  so  that  random  variations  in  the  surface 
topography  do  not  obscure  the  effect  of  changes  in  %.  However,  it  is  clear 
that  the  results  for  hybrogen  indicate  that  for  at  least  some  surface 
conditions,  a precursor  state  Is  not  involved  in  the  dissociative  adsorption 
step  since,  in  a number  of  crises,  3 has  been  found  to  increase  as  the  velocity 
eomponent  nomal  to  the  surface  is  increased,  either  by  raising  the  ts^per* 


ature  of  the  beam  or  by  decreasing  the  angle  of  incidence 

Clearly  then,  we  need  to  modify  our  picture  of  the  chemisoxq>tion  aechanism, 

at  It  ■•«t  for  the  case  of  hy-irogen  cheni sorption. 

Using  basic  themodynamic  considerations,  it  has  been  rigorously 
shown  that  gases  which  desorb  with  sbarper-thao>co8ine  distributions 
will  also  exhibit  similar  trends  as  hydrogen  upon  adsorption.  Several 
P^ers  have  been  written  that  develop  the  symmetry  properties  that 
that  iq>ply  at  the  gas> surface  interface  including  the  relationship 
between  adsorption  and  desorption.^^'^^^  One  approach  to  understandiiv 
this  relationship  is  to  consider  the  necessity  of  the  surface  —1nt*1n1ng 
an  equlllbriuD  when  the  ga^  in  question  is  in  contact  with  it  at  the  sssm 
teaperature . In  order  to  satisfy  the  second  law  of  tbermodynaaics,  the 
surface  must  return  to  the  gas  phase  a distribution  of  particles  that  is 
both  random  in  direction  (isotropic)  and  Maxwellian  in  the  speed  distri- 
bution. Therefosre,  we  can  be  sure  that  when  a surface  at  the  ssm  temper- 
ature preferentially  adsorbs  gas-phase  particles  with  certain  velocities 
(speed  and  angle  of  incidence),  the  desorption  flux  will  return  to  the 
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gas'phase  b iistriciution  cl  particles  vlth  Just  the  exact  angular  and  speed 

distribution  to  mk.e  up  for  the  particles  adsorbed.  This  Is  a statement  of 

the  so-called  "cosine  law,"  first  expounded  by  Clausing. This  result 

was  confirmed  experimentally  for  the  case  of  hydrogen  on  Ni(lU)  in  the  work 

(^l) 

of  Palner  et  al.  mentioned  above. 

Recent  studios  have  shown  that  hydrogen  is  not  the  only  species 
that  exiiibits  this  "anomalous" adsorption  behavior.  Recently,  Palmer  j 

( ^2 ) I 

and  Srrdth  studied  the  oxidation  of  a CO  beam  on  Pt(lll).  ' Here,  the  | 

product  CO,  was  found  to  desorl  with  a distribution  even  more  sharply  | 

^ d ^ 

peaked  than  for  hydrogen  and  also  of  the  form  cos  0^,  where  6^  is  the  | 

scattered  angle,  and  in  this  case  d 6.  Using  the  cosine  law  relationship  | 

at  the  gas- surface  interface,  they  predict  that  under  the  same  siirface  ] 

conditions  the  chemisorption  of  CO,,  presumably  to  give  00  + 0 on  the  I 

surface,  will  also  decrease  rapidly  toward  glancing  incidence.  Moreover, 
if  a one-dmensional  view  of  the  gas-siirface  interaction  is  correct,  then 
the  sticking  prooabiiity  will  increase  markedly  with  beam  temperature. 

This  further  implies  that  CO,  desorbing  from  a platinum  surface  must  also  be  j 

i 

soBiewhat  "hotter"  than  the  surface  temperature  in  order  to  make  up  for  the  | 

disproportionately  greater  number  of  higher  energy^gas-phase  molecules  that  j 

are  removed  from  the  gas  phase  at  equilibrium.  Although  no  direct  measurements  | 

of  the  energy  distributions  of  CO^  desorbing  from  Pt(lU)  have  been  made  to  ' 

verify  this  particular  prediction,  Kenney  has  measured  the  velocity  distri-  ] 

buttons  of  hydrogen  desorbing  from  both  Ni(llO)  and  polycrysteilline  nickel  | 

and  found  that  the  speed  distribution  was  Indeed  characterized  by  a Maxwellian  | 

considerably  in  excess  of  the  surface  tenq>erature  (e.g.,  1^89  K c(xq>ared  to  * 

1073  Bemasek  and  Somorjai  have  also  recently  reported  cos'^S  j 

desorption  for  CO^  from  stepped  Pt(lll)  surfaces. 

Cardillo  and  coworkers  have  recently  published  the  results  of  a ceureful 

study  of  hydrogen  adsorption  on  the  (lOO),  (llO),  and  stepped  (lOO)  crystal 
(28) 

faces  of  copj>er.^  ' In  this  work  they  used  a supersonic  "nozzle"  source 
that  yields  a very  narrow  range  of  velocities  in  the  beam.  They  studied 
the  dissociative  adsorption  probability  ais  a function  of  beam  energy  and 
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angle  of  incidence.  By  reacting  the  Hg  beam  with  adsorbed  D atoms,  as 

in  the  earlier  work  of  Palmer  et  al.  on  Ni  and  the  desorption 

distribution  of  the  mixed  species  HD  was  measured.  Isotopic  "labeling"  in 

these  studies  is  a convenient  technique  for  identifying  only  those  hydrogen 

molecules  that  recombine  and  desorb  from  the  surface.  It  has  been  shown  that 

isotopic  effects  in  the  desorption  anguleur  distribution  are  negligible. 

This  assumption  is  also  supported  by  the  equilibrium  synthesis  data  of  Palmer 

(21) 

in  which  the  adsorption  of  is  compared  with  the  desorption  of  HD.  ' 

Ttxe  conclusions  reached  by  Cardillo  et  al.  frcm  their  data  on  copper 
surfaces  were  that:  (i)  there  is  a significant  energy  barrier  to  the 

dissociative  adsorption  (chemisorption)  of  hydrogen  and  that  it  acts  per- 
pendicular to  the  surface  normal;  (ii)  the  barrier  height  or  activation 
energy  for  this  chemisorption  depends  significantly  on  the  particular 
crystal  face  exposed;  and  (iii)  that  the  presence  of  steps  and  ledges  on 
Cu(lOO)  did  not  significantly  affect  either  the  adsorption  or  desorption 
behavior  of  hydi’ogen. 

Although  the  work  of  Cardillo  et  eO..  does  not  .ule  out  the  possibility 
of  a parallel  chemisorption  path  involving  a precursor  state,  under  the 
conditions  of  their  experiments,  hydrogen  can  bypass  any  such  physisorbed 
configuration  and  chemisorb  directly  when  the  necessary  activation  energy 
is  supplied  in  the  form  of  kinetic  energy  to  the  incident  molecule.  While  the 
results  of  Cardillo  et  al.  militate  against  a precursor  state  in  the  chemi- 
sorption path  of  hydrogen  on  copper,  they  do  Indicate  the  existence  of 
preferred  surface  sites  for  chemisorption.  Moreover,  by  ccanparing  the 
limiting  adsorption  probabilities  on  the  two  crystal  faces  studied,  a 
reasonable  guess  can  be  made  as  to  the  locations  of  these  sites  in  the 
surface  lattice. 

Stoll  has  used  beams  to  study  the  chemisorption  of  oxygen  on  smooth 
single- crystal  Pt(lU).'^'^-'  He  compeired  the  steady-state  oxygen  stirface 
coverages  with  20  and  330°C  oxygen  beams  at  surface  tenperatures  of  250 
and  350°C.  The  equilibrium  surface  coverage  with  a hot  beam  was  nearly 
twice  that  for  a cold  beam  on  the  3^0°C  surface,  indicating  a proportion- 
ately greater  sticking  coefficient  for  the  hot  oxygea.  These  results  suggest 
an  activation  energy  for  oxygen  chemisorption  of  about  1 kcal/mole.  However, 
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fior  a sxirface  temperature  of  Stoll  reports  that  the  ateady^atate 

coverages  are  more  nearly  the  same  for  both  hot  and  cold  beaaia*  In  thia 

tenqperature  regime,  a clean**off  reaction  vlth  residual  CO  la  probably  the 

dominant  mechanism  for  the  removal  of  surface  oxygen  and  the  aurflace  oi^en 

coverage  should  scale  directly  as  the  adsorption  rate.  Stoll  offers  no 

explanation  for  the  different  adsorption  characteristics  at  the  two  aurfktee 

temperatures.  However,  Merrill  has  also  observed  that  hydrogen  cbeiiiaorption 

on  Pt(lU)  is  unactivated  below  whereas  Onith  and  Palmer's  results 

indicate  an  activation  energy  of  about  2 kcaLL/mole  on  650°C  Pt(lU).^^^^ 

These  results  suggest  the  possibility  that  the  chemisorption  transition 

probability  is  rather  sensitive  to  the  surface  teng>eralui.'e . This  may 

involve  the  entropy  change  in  going  to  the  mobile  chemisorbed  state.  Rrocop 

and  Volter  report  an  entropy  increeise  of  about  20  cal/mole  for  hydrogen 

(37) 

chemisorption  on  platinum,  for  example.^  ^ Stoll's  results  were  over 
relatively  narrow  ten^rature  ranges  (beam  and  surface)  and  no  measurements 
of  aidsorption  rates  as  a function  of  angle  of  incidence  were  obtained  so 
that  further  work  in  this  area  would  be  helpful. 

Recent  molecular  beam  studies  have  made  some  isqpartant  contributions 
to  our  understanding  of  adsorption-desorption  phenomena.  However,  two 
iogwrtant  questions  have  been  raised.  First,  under  what  conditions  does 
one  expect  to  find  activated  chemisorption  of  gases  such  as  hydrogen  and 
oxygen  on  metal  surfaces,  e.g.,  does  it  apply  only  to  dissociative  ad- 
sorption or  can  we  expect  similar  results  for  other  species  on  a wide 
range  of  sixrfaces?  Second,  what  factor  or  factors  are  responsible  for 
the  widely  varying  res\ilts  that  are  still  being  reported  for  the  sticking 
probabilities  of  gases  by  various  workers  using  nominally  identical, 
clean,  single  cryste^  surfaces?  Recently  reported  values  fbr  the  sticking 
coefficient  of  oxygen  on  Pt(Ul),  for  example,  range  from  S » lO”^  to 
S - 0.2.^^®'^^^ 

Regarding  this  second  question,  a detailed  examination  of  the  various 
possible  factors  involved  in  each  case  would  not  be  appropriate  here. 

However,  a few  general  remarks  regarding  the  essential  ingredients  of  a 
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reproducible  gas-surface  interaction  study  can  be  made.  First,  it  is 
extremely  important  to  sx>ecifV  both  the  angle  of  incidence  and  teiig>erat\tre 
(energy)  of  the  gas  being  studied.  Further  characterization  of  the  beam 
as  to  energy  (e.g.,  monoenergetic)  and  various  internally  excited  states 
can  also  be  considered.  The  surface,  of  course,  must  be  trell-chaimicterized. 
This  meaxis,  in  practice,  clean,  smooth,  single  crystal  surfaces.  Many  of 
the  recent  studies  of  gas- surface  interactions  have  specified  the  surface 
cleanliness,  via  AES  (Auger  electron  spectroscopy)  for  instance,  and  the 
crystal  structure  by  TiRKT)  (low  energy  electron  diffraction).  However,  in 
general,  one  e:q>ects  that  rough  surfaces  provide  a large  number  of  unspecified 
sites  that  may  significantly  affect  the  sticking  probability  or  change  the 
effective  area  of  the  surface  through  multiple  collisions,  and  considerable 
care  must  be  taken  to  avoid  this  condition.  I¥esently,  the  most  sensitive 
technique  for  characterizing  the  smoothness  of  clean  surfaces  on  an  atondc 
scale  is  by  the  scattering  of  noble  geus  atoms,  especially  helium.  The 
smoothness  of  similar  crystal  surfaces  used  in  various  laboratories  aze 
more  readily  evaluated  when  the  scattering  distributions,  or  at  least  the 
peak  height  and  FWHM  data  for  a well  collimated  room  temperature  helium 
beam  are  available  for  comparison.  Without  further  refinement,  however, 
this  technique  is  not  suitable  for  comparisons  of  surfaces  with  less  than 
one  percent  of  the  total  area  "rough"  on  an  atomic  scale,  and  this  still 
represents  a very  large  defect  density  on  the  surface. 

Perhaps  the  most  difficult  problem  in  surface  characterization  is 
achieving  a clean  or  contaminant  free  surface.  Diffusion  Arom  the  bulk 
and  adsorption  from  the  gas  phase  of  various  unwanted  species  is  a constant 
problem,  even  in  ultra- high  vacuum.  Sur^ce  chemical  amalysia  techniques 
such  as  AES,  INS  (ion  neutralization  spectroscopy),  SIMS  (secondary  ion 
mass  spectrometry),  UPS  (ultraviolet  photoelectron  spectroscopy),  and 
XPS  (x-ray  photoelectron  spectroscopy)  or  ESCA  (electron  spectroscopy 
for  chemical  analysis),  used  separately  or  in  conjunction,  are  soaia  of 
the  ways  that  the  chemical  ccmiposltlon  and  even  the  oxidation  states  at 
the  siirface  can  be  determined. 
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In  studies  on  clean  surfaces,  possible  "clean-off"  reactions  Involving 
ambient  species  such  as  CO,  and  0^  should  be  considered.  For  example, 
Joebstl  has  studied  the  effects  of  small  amounts  of  CO  on  the  adsorption 
of  Og  on  Pt(m)  in  ultra- high  vacuum,  Oxygen  can  be  removed  from 
platinum  by  reaction  with  adsorbed  CO  to  form  OOg.  Since  the  sticking 
probability  for  00  is  greater  than  for  Og  on  platinum,  esMcially  on  the 
low  index  faces  [e.g.,  S(C0)/s(0g)  « 10^  on  Pt(lU)3,^^^'  relatively  small 
amounts  of  CO  can  be  very  important.  It  appears  likely  from  Joebstl *s 
work  that  many  studies  of  Og  edsorptlon  on  platinum  have  probably  been 
seriously  affected  by  small  amounts  of  00  produced  by  hot  carbon  covered 
surfaces  such  eus  ion  gauge  filaments,  etc. 

Finally I we  can  expect  that,  in  general,  the  sticking  coefficient  will 
also  depend  on  the  surface  temperature  so  that  the  tenqperature  of  the  surface 
\mder  study  should  be  varied  over  a reasonably  wide  range  in  order  to  determine 
this  dependence  explicitly.  A surface  temperature  dependence  may  arise  for 
a variety  of  reasons  including  the  likely  entropy  difference  between  the 
gaseous  and  adsorbed  states  involved  in  the  adsorption.  Statistical- 
mechanical  or  "transition- state”  theories  predict,  in  general,  that  the 
transition  probability  k will  be  of  the  form 

k * P/  exp(^  - (P,  r,  Q independent  of  T) 

with  rnna-H  positive  or  negative  values  assigned  to  r,  depending  on  the 

(Ul) 

details  of  the  theory,'  ' 

With  regard  to  the  question  of  activated  chemisorption,  we  have  already 
pointed  out  that  desorption  studies  indicate  that  the  dissociative  adsorption 
of  OOg  is  also  highly  activated  on  Pt(lU).  In  fact,  from  the  analysis  of 
CardlUo  et  euid  the  shape  of  the  desorption  distribution,  we  expect 

.w  6 kcal/fflole  for  CX)g  on  h73  to  8?^  K platinum.  Also,  Stoll's  work 
indicates  that  oxygen  culsorptlon  on  Pt(lU)  is  slightly  activated  above 
250°C.^^^^ 

In  addition  to  the  activation  of  chemisorption  via  kinetic  energy,  recent 

studies  suggest  that  vibrational  excitation  is  also  a mode  of  activation  for 

(42.43) 

ceirtaln  chemical  reactions.'  ’ For  example.  Steward  and  Ehrlich  report 
that  vibrational  excitation  facilitates  the  chemisorption  of  methane  on  a 
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rhodium  substrate. They  also  point  out  that  the  usual  tranaition-state 
theory  of  chemical  rates  fails  to  account  for  the  large  kinetic  isotope  effects 
they  observed  in  the  chemisorption  of  normal  versus  deuterated  methane.  These 
results  suggest  that  detailed  studies  of  the  energetics  of  chemlsorpticm 
processes  are  likely  to  have  a profound  Impact  on  our  understanding  of  chealcal 
rates  in  genersd. 

III.  HETEROGEWECXJS  REACTION  STUDIES 
A.  Tiwimrtiweular  Reactions 

There  have  been  several  recent  studies  of  unimoleeulsr  reactions 
on  surfaces  tislng  molecular  beans.  Cahlberg,  ?isk  and  Rye  have  studied 
the  much  investigated  decomposition  of  formic  acid  on  polyerystalline 
platinum  foil.'  ^ A beam  of  formic  acid  was  directed  onto  a 
fixed  platinum  target  and  the  scattered  formic  acid  and  decoavosltion 
products  detected  by  line-of*sight  mass  spectrometry.  The  detected 
products  of  the  decong>08itlon  were  00,  CO2  and  1^0  could  not  be 
detected  because  of  the  noise  contributed  by  a large  aad)ient  background 
level  of  this  species.  The  CO2  and  rates  of  production  were  eqpal,  as 
expected  from  the  one-step  decoBQ»sition  of  HOOOH.  00  was  produced  at 
about  one-tenth  the  OO2  rate  at  900  K and  the  OO/OO2  ratio  Increased  with 
tenperature.  These  results  were  con^llcated  by  a surface  contaminant 
that  could  be  removed  by  heating  the  platinum  above  1150  X*  Surface 
contamination  is  not  surprising  considering  their  base  vacuum  of  only 
3 X 10  torr.  Although  the  contaminant  wma  not  identified*  the  teaperatnre 
dependence  suggests  oxygen  or  a clean-off  reaction  involving  oxygaB.  leithw 
the  contamination  rate  below  1150  K nor  the  clean-off  rate  above  this  tiper 
ature  was  affected  by  ejqposure  to  HOOOH  and,  therefore,  BOOOH  was  ruled  out  both 
as  the  source  of  the  conteminent,  and  the  source  of  oxygen  in  a elaan-oiff 
reaction.  They  also  observed  that  the  rate  of  decrease  in  the  decospositiOB 
rate  from  the  presumably  clean  surface  conditions  to  tbs  steady-state  eoo- 
tamlnated  surface  increased  rapidly  as  the  surface  was  cooled,  while  tbs 
initial  activity  also  increased  with  decreasing  tamperature,  at  least  down 
to  600  X. 
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Fenn  and  his  coworkers  at  Yale  have  utilized  a nozzle  bean  zouree 
in  a novel  closed- loop  catalytic  reactor  system  in  which  the  beam  is 
scattered  from  a catalytic  target  and  then  recycled  through  the  nozzle 
source • using  a mercury  diffusion  Bad  mechanical  bellows  puqw  in 
series.'  The  technique  allows  the  reaction  rate  to  be  enhanced  by  the 
number  of  passes  of  the  reactant  gas  through  the  system,  but  requires 
that  reactions  on  the  various  system  surfaces  and  in  the  gas  jdiase  not  be 
overtdielming  ccaymred  with  the  rates  on  the  target.  Using  this  method, 

Fenn  has  studied  the  Isomerization  of  cyclopropane  to  propylene  oo  a 
anlybdenum  oxide  surface.  Surprisingly,  the  reaction  rate  was  Independent 
of  the  molybdenum  oxide  tenq;>erature  (from  UOO  to  700*^0 ) but  varied  strongly 
with  the  beam  energy  with  an  activation  energy  of  about  20  keal/mole. 

Fenn  suggests  that  the  cyclopropane  must  be  vlbrationally  excited  in  order 
for  isoemrization  to  occur.  This  work  demonstrates  the  importance  of 
catalytic  studies  irtiere  the  internal  and  kinetic  energies  of  the  reacting 
species  are  controlled.  Also,  since  ^^zzle  sources  are  capable  of  generat- 
ing suDstantlal  mass  fluxes,  it  is  not  unreasonable  to  consider  the  use  of 
such  a system  for  chmolcal  processing  in  coonercial  quantities  in  order 
to  increase  the  efficiency  and/or  selectivity  of  a reutlon.  An  important 
new  field  of  "ncn-eqpillbrium  catalysis”  is  suggested  by  this  work  and 
further  investigations  of  the  type  undertaken  by  Fenn  and  others  using 
nozzle  beams  should  be  actively  pursued. 

The  decomposition  of  V^O  has  been  studied  by  West  and  Soaorial  on 

clean  and  carbon-covered  Pt(lOO)^^^^  and  by  Muschlltz  and  coworkers  on 

(U6) 

polyerystalllne  tungsten  surfaces.'  ' While  Nuschlitz's  results  indicated 
that  adsorption  of  the  1^0  molecule  was  required  for  dissociation,  Somorjai's 
resiilts  on  carbon-ooreired  Pt(lOO)  suggest  that  dissociation  can  occur 
without  full  aecoanodaticm  with  the  surface  as  is  indicated  by  the  directed 
nature  of  the  HO  signal.  Diffuse  emission  of  HO  from  a carbon  firee  Pt(UO) 
surface  was  observed  by  Somorjai,  however.  Nuschlitz's  wortc  suffers  from 
a lack  of  adequate  surface  characterization  and  although  the  scattering  of 
^2  and  HO  was  somewhat  directed,  surface  roughness  was  probably  a significant 
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fkictor.  This  roughness  coupled  with  the  scatter  in  the  data  Md  tlM 
United  range  of  angles  neasured  nskes  their  conclusion  regarding  diffuse 
scattering  and  full  acconnodation  of  the  1^0  bean  and  its  produets  euepeet. 
Scoorjai's  results  are  also  sonewhat  speculative.  A prohlan  lidMrettt  in 
both  of  these  studies  is  the  aabiguity  of  the  nass-epectroneter  ei^Mla 
for  both  m/t  ■ 26  (Hp  or  00),  a/e  « Uk  (NpO  or  OOp)  and  the  prohlan  of 
dissociative  ionization  of  the  scattered  HgO  to  produce  both  1^  and  WO  • 

For  this  reason,  any  conclusions  regardixig  these  investigations  should 
probably  be  considered  tentative. 

Schtttte,  Scoles  and  Toneasini  have  reported  an  inreatigntion  of  the 
reconbination  of  atomic  hydrogen  on  condensed  surfaces  of  LO.  la  and  Ar 
in  the  range  2-13  K.^  ' ^ Apparently,  nost  of  the  energy  of  reonnhi  nation 
(U.3  eV)  is  carried  sway  by  the  deaorbing  aoleeule,  but  a nonolayer 
coverage  of  increases  the  energy  transfer  by  an  order  of  magnitude. 

Melin  and  Madix  have  also  studied  the  energy  transfer  to  the  surlUM  from 
hydrogen  aton  recoadbination  on  polyerystalline  Hi,  CU,  Ft  and  Ag  vires 

0 

in  a floving  rf  discharge  and  found  the  energy  transferred  to  the  firat 

CUB) 

three  naterials  to  be  nazicedly  lesb  than  on  Ag.'  ' Naleeular  beaai  studlsB 

support  these  results  inasauch  as  the  angular  dssoorption  distributione 

measured  in  molecular  beam  studies  of  hydrogen  aton  recombination  on  single 

crystal  surfaces  of  Ni,  Cu,  and  Ft  indicate  that  the  desorbing  hydrogen 

molecules  are  indeed  "hotter"  than  the  surface  teaperatare,  and  a study 

of  the  angular  sticking  dependence  of  on  Ag(lU)  indicates  a similar 

^ (21)  / 

trend  although  less  pronounced  than  on  Ni,  Cu,  or  Ft.'  ' ^ Wore  nearly 
iUta..  d..<.rpUon  of  byOro|.n  ^ . mehimUMr 

barrier  would  thus  be  expected  on  Ag,  in  qualitative  agptanent  with  Madix*s 
results . 

B.  Reactions  with  Surfaces 

Molecular  beams  have  been  used  more  frequently  ita  studies  of  hetero- 
geneous reactions  where  the  beam  species  reacts  directly  with  the  surface* 
Olander  and  coworkers  have  used  nodulated  beans  of  molecular  onygon  to 
study  the  oxidation  of  grajdiite  on  both  the  basal  and  prism  plaiiss*^^*^^ 
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The  klnetiea  of  thie  reeetion  erldently  involvee  a eonpetltian  between  the 
•eneration  of  active  eitei  for  the  initial  oxldaticm  step  throng  the 
rnmnil  of  carbon  atone  Aron  the  sxurfaee,  and  deactivation  of  the  surface 
by  annealing.  Recently  Shih|  Liu  and  Baron  have  also  studied  the  oaddetion 
of  grafts  by  nolecular  and  atonic  oxygen  beans. Olendsr's  results 
were  for  fixed  axigles  of  incidence  and  reflection  “ ^5^)#  uhersM 

Shlh  et  al.  varied  both  angles  in  their  work.  They  neasured  dlflhse 
(cosine)  scattering  of  nolecular  oxygen  Aron  their  target  indicating  a 

rather  rough  surface  and/or  fairly  coetplete  aecaanodation  of  the  oaqrgan. 

2 

MDwever,  the  00  desorption  flux  was  isroportional  to  cos  8 so  that  their 
surface  was  not  so  rough  as  to  totally  cAscure  angular  effects  in  the 
scattering.  These  bean  studies  of  graphite  oxidation  indicate  the  foUoi^ 
ing  additional  points:  (i)  the  principia  reaction  product  is  CX)  whsrsas 

OO2  is  produced  at  a rate  at  least  two  orders  of  aagaitude  less  than  the 
00  rate;  (ii)  there  is  little  or  no  bean  tenperature  d^ondenee  of  the 
reaction  rate  and  the  graphite  surface  tenperature  effects  prinarlly  the 
cocidatian  by  Og;  (iii)  the  reaction  with  0 atons  is  about  one  order  of 
■agnitnde  nore  probable  than  for  O2;  and  (iv)  the  reaction  rates  for  both 
0 and  O2  beans  exhibit  isaxliHa  at  a surface  tenperature  of  about  130O  K 
indicating  a oonpetiticxi  between  surface  aton  nobility  and  the  snnesTlT^ 
rate  of  active  surface  sites. 

Nadix  and  ooworkers  have  also  studied  the  reactions  of  silicon  and 

gensniun  surfaces  with  nodulated  beans  of  0.  0.,  and  As  in 

(k  ho  co\  3'  ^ 

the  work  of  Olander,^^'  / m^aix  utilizes  the  ii:fomation  contained  in 

the  ^lase  relationship  of  the  product  signal  to  derive  the  kinetics  of 

the  reaction.  He  refers  to  this  technique  as  "sDleeular  be«s  relaxation 

spectroscopy”  (MRS).  A detailed  discussion  of  the  analysis  of  nodulated 

signals  in  studies  of  reaction  kinetics  has  been  given  by  Olander^^^  and 

nore  reomtly  by  Schwarz  and  Nsdix.^^^ 

LintZf  Psntenero  and  their  cowoikers  in  France  have  used  beans  of 
noble  gases  in  a different  approach  to  studies  of  chenical  reactions  with 
surfaces.  They  have  utilized  noble  atom  surface  scattering  to  study  the 
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klxMtics  of  the  oxidation  of  varioue  aetal  surfaces.^ 
relies  on  the  narkedly  different  scattering  properties  of  a ele«t  and 
adsorbate  covered  surface.  If  the  surface  Is  clean  and  relatlTely  SBOOthf 
sharply  directed  scattering  near  the  specular  angle  viU  result,  ehereas 
the  scattering  from  various  adsorbates  on  the  surface  viU  generally  be 
diffuse.  Thus,  by  aamitorii^  the  directed  scattering  intensity,  the 
surface  coverage  can  be  folloired  daring  the  course  of  the  reaction.  Uiing 
this  technique.  Lints,  Bentenero  et  al.  have  determined  ioiportant  binding 
states  and  heats  of  desorption  involved  in  the  kinetics  of  surface  oacidatioc 
by  measuring  surface  coverages  as  a function  of  metal  teaperature  and  gas 
pressure,  nie  technique  suffers  from  the  problem  that,  in  many  cases,  the 
morphology  of  the  surface  may  change  during  the  course  of  the  reaction 
and  thereby  alter  the  specularity  of  the  clean  surface.  This  teehniqiaa 
has  also  bttesn  used  by  Ihlmer  and  Staith  to  study  the  kinetics  of  00  oocdlation 
on  a ssK)oth  platinum  catalyst  that  uas  not  consumed  in  the  reaction.^  ' 

C.  Blmolecular  Reactions 

Surface  catalyzed  bimolecular  reactions  are  perhaps  the  most  experi- 
mentally difficult  type  of  surface  chesd.cal  process  to  study  using  aolMnlmr 
beams.  This  fact  nay  be  partially  responsible  for  the  relative  ImA  of 
activity  in  this  area.  However,  a few  bimolecular  reactions  have  now  besn 
reported  end  this  work  will  undoubtedly  stimulate  further  heterogmaeous 
reaction  studies  using  beams  in  tbe  near  future. 

The  first  reported  study  of  a surface  catalysed  bimolecular  reaction 

C24) 

using  beams  was  by  asith  and  Balmer.'  ' They  studied  tbe  aaddation  of 
deuterium  on  epitaxially  grown  Pt(lU)  fUms.  In  thlc  work  the  platinum 
target  waS' exposed  to  an  miaient  of  (^(10*^  to  lO'^  torr).  A nogalated 
(100  Bb)  beam  of  deuterivm  was  directed  at  the  oxygen  covered  target  and 
the  scattered  been  and  raection  product  (l^O)  was  detected  using  a mass 
spectrometer  and  phase  sensitive  (look-in)  amplifier.  At  elevated  teapsr- 
atures  the  target  was  prestumbly  kept  clean  of  typical  vacuum  species  such 
as  carbon  aonaxide,  hydrogen,  hydrocarbons,  and  surface  eerbon  by  olean  off 
reaetiona  with  the  oxygen  ambient.  In  support  of  this  oonelasion,  it  um 
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fbund  that  Intense  specular  helium  reflection  tram  the  surface  could  be 

_<7 

sMtlntalned  In  the  presence  of  a small  10  torr)  oxygen  ambient  tdiere 
evidently  the  rate  of  contamination  was  Just  compensated  for  by  the  rate 
of  clean-off  via  oxidation.  The  activated  adsorption  of  the  Dg  l>6affl 
on  this  "clean”  Pt(lU)  surface  was  Investigated  and  has  already  been 
discussed.  GenercOJy^  a heated  beam  was  used  In  the  reaction  with 
surface  oxygen  In  order  to  obtain  the  maximum  adsorption  rate  and  thereby 
increase  the  product  signal. 

The  reaction  was  found  to  be  nearly  first  order  In  0^  pressure  whereas 
the  D2  beam  flux  dependence  exhibited  three  regimes,  P^(C2)> 

P^(D2)«  The  second  order  dependence  sxiggested- an  improbable  mechaxilsffl 
involvli^  four  hydrogen  atoms.  However,  the  reaction  mechanism  probably 
Involves  only  two  surface  hydrogen  atoms  and  a surface  o^Qrgen  atom  and 
the  second  order  dependence  may  be  an  artifact  of  the  beam  method  as  will 
be  discussed  below. 

Ohe  phase  lag  of  the  D2O  product  signal  as  a function  of  temperature 
indicates  an  activation  energy  of  about  12  kcal/mole  for  the  rate  limiting 
step.  However,  the  Interpretation  of  these  data  depends  on  the  order  of 
the  reaction  as  has  been  pointed  out  by  Madtx,^^^  and  a scsMsdiat  lower 
value  for  the  activation  energy  of  the  reaction  is  probable.  Hydrogen 
atom  dlffUslcm  may  be  rate  limiting  If  an  activation  energy  less  than 
10  kcal/mole  Is  assumed.  The  angular  distribution  of  the  desorbing  OgO 
was  approximately  cosine,  so  the  adsorption  of  water  on  Pt(lU)  at  925  K Is 
apparently  not  activated. 

Sailth,  Palmer  and  Vroom  also  attesgyted  to  study  the  catalytic  oxidatlcm 
of  C2H4  on  Ag(lU)  epitaxial  films  by  molecular  beams. However,  no 
oxidation  products  could  be  detected  with  a CgH]^  beam  Impinging  on  a 
Ag(lU)  target  ejqwsed  to  oj^en.  With  an  Isotropic  pressure  of  both 
gases  at  higher  pressures,  the  reaction  product  CO2  could  Just  be  discerned, 
however.  Dissociation  of  the  C2H^  bean  over  Ag(Ul)  at  575  K to  fozm 

(10|1)  and  C2H2  {5$)  was  also  Inferred  tram  a comparlaon  of  tte 
relative  intensities  of  these  Ion  peaks  In  the  direct  versus  the  scattered 
beasi. 


Bsilmer  and  Smith  have  also  repoz^ed  a molecular  beam  study  of  the 
oxidation  of  00,  again  on  Pt(Ul).  As  vras  mentioned  earlier,  they 
found  that  the  angular  desorption  distribution  of  the  00^  product  in  the 
surface  temperature  range  from  4?i>  to  8?5  K was  characterized  by  cos  6, 
indicating  that  CO2  adsorption  at  these  temperatures  is  activated  on  Ft(lU). 
Weinberg  and  Merrill  have  also  predicted  a large  eictivation  energy  for  (X>2 
adsorption  on  platinum  using  their  CFSO-BEBO  model  of  adsorption. The 
oxidation  reaction  appears  to  proceed  mainly  via  a Tia.r'gmii'iy  mechanism  with 
CO  diffusing  rapidly  across  the  surface  above  4^0  K.  Chemisorbed  00 
apparently  blocks  the  chemisorption  of  oxygen  in  the  central  region  of 
the  beam  spot  and  thus  poisons  the  reaction  in  the  tenperature^pressure 
regime  where  the  surface  coverage  of  CO  is  high.  The  high  surlhce  mobility 
of  CO  coupled  with  this  poisoning  effect  cornbines  to  produce  an  interesting 
boundary  effect  at  the  perimeter  of  the  beam  spot  on  the  surface.  The 
high  szirface  mobility  of  CO  resiilts  in  a rapid  reaction  rate  at  the  perimeter 
of  the  beam  spot  on  the  platinum  surface,  giving  an  anomalous  rise  in  the 
rcjtiaion  rate  at  high  beam  fluxes.  It  is  possible  that  a similar  contri- 
bution restilting  from  deuterium  diffusion  is  also  responsible  for  the 
appearance  of  a second  order  Dg  pressure  dependence  at  high  beam  fluxes 
in  the  eeurlier  study  of  Dg  oxidation.  Gomer  has  also  suggested  that 
molecular  hydrogen  diffuses  very  rapidly  across  hydrogen  covered  areas 
of  platinum,  followed  by  dissociative  adsorption  on  the  clean  surface. 

In  the  00  oxidation  study,  Balmer  and  Smith  fit  their  observed  data 
using  the  Langmuir  kinetic  equations,  but  this  required  that  the  principal 
mechanism  for  removal  of  surface  oxygen  be  by  direct  desorption  u atosis. 

This  latter  a88uaQ>tlon  is  not  likely  at  the  temperature  of  their  work. 
Ifowever,  other  evidence  strongly  indicates  that  a TAngmiHr  rather  ♦•■ban  a 
Rideal  mechanism  is  operating.  On  the  other  hand,  their  data  can  also 
C be  fit  quite  nicely  using  the  Rideal  kinetic  equations  and  does  not  reqjuire 

the  assuiig)tlon  of  direct  desorption  of  oxygen  atoms.  However,  this  does  not 
mean  that  both  the  chemisorption  and  migration  of  CO  are  not  invol'ved  in 
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the  reaction  path.  Rather,  the  tacit  aseuoption  in  the  fonaala 

ie  that  the  probability  of  reaction  does  not  depend  on  the  point  of  iavaet 
of  the  reactant  gas  on  the  surface  but  only  on  its  average  oovtrage  6. 

At  equilibrium,  the  kinetic  balance  of  the  reaction  in  this  ease  has  the 
familiar  form 

‘ «A*B 

(adsorption  rate)  » (reaction  rate)  , 

where  is  the  isqiact  rate  and  6^  is  the  surface  coverage  of  reactant  A, 
and  the  eovezage  of  reactant  B.  Alternatively,  a Rldeal  fonsalation 
is  based  on  the  idea  that  a gas  phase  reactant  oust  iapact  directly  on,  or 
adjacent  to  a second  chemisorbed  reactant,  e.g.,  within  the  covered  area 
9^*  Then  we  have 

where  is  the  laq>act  rate  of  species  B that  presumably  reacts  by  direct 
li^aet,  or  near  miss,  on  reactant  A.  However,  it  seems  likely  in  cases 
idiere  a ooiqpeting  channel  for  species  B exists  (e»g»,  via  desorption)  that 
the  probability  of  reaction  falls  off  rapidly  as  the  point  of  tiyaet  of  B 
increases  in  distance  away  from  reactant  A.  This  can  be  true  even  **«««g*« 
both  the  chemisorption  and  migration  of  species  B is  involved  in  the  reaction 
path,  as  is  assumed  in  the  Inngmair  model.  For  this  case  we  can  write  the 
kinetic  equation  as 

a<^'®A-S>  • * %®A 

idiere  6^  now  represents  some  effective  area  surroundixv  eatdi  dbsnisarbed 
sclecule  A«  Such  a ''quasi-Rideal"  mechanism  nay  be  iaportaat  in  the  oxidation 
of  00  on  Ft,  for  exasqple.  UhfOrtunately,  this  possibility  leads  to  som 
confusion  since  we  can  no  longer  distinguish  the  mechanlaa  solely  on  the 
basis  of  the  kinetics  of  the  reacti<m.  It  appears  importaDt,  therefore,  to 
clearly  distinguish  between  reactions  that  obey  Rldeal  kinetics  and  Teartifsis 
idiere  it  is  believed  from  more  detailed  evidence  that  a true  Ridsal  aedianiam 
is  <^rating. 
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Recently.  I^lmer  has  coiq>leted  a similar  study  of  the  catalytic 

(68) 

oxidation  of  the  hydrocarbons,  also  on  Pt(lU).'  ' Here,  the  results 
are  somewhat  more  Involved,  Including  the  fact  that  three  reaction  prodncts 
are  observed,  00,  00^  and  H2O.  The  reactions  proceed  via  a surface  acetylenic 
species  that  results  from  the  adsorption  of  the  hydrocarbons  at  elevated 
tenqperatures  on  platinum.  The  chemisorption  of  Is  soaNwhat  activated 
with  a sticking  coefficient  of  less  than  0.0^  whereas  the  ^leadsorption  of 
and  C^i2  are  not.  The  sticking  coefficient  for  is  near  unity  on 
Pt(lH)  idille  for  Cgl^,  S ~ 0.5. 

The  angular  desorption  distributions  of  the  reaction  products  of  OD 

and  OOo  were  measured  and  neither  were  single  cosine.  In  the  case  of  00^, 

^ 6 ^ 
the  distribution  appears  to  be  cosq^tosed  of  a higher  order  cosine  (cos  6) 

superiiqwsed  on  a broader*thao>coslne  desorption  pattern.  Froa  the  two- 
component  nature  of  the  desorption  of  CX)^  (and  possibly  00)  it  appears  that 
there  are  two  distinct  chaxinels  for  the  fomation  of  this  species.  Since 
In  a previous  study,  the  fomation  of  00^  from  CO  adsorbed  on  the  surface 
resulted  In  only  slnple  higher  order  cosine  desorption,  it  is  tempting  to 
ascribe  the  difference  In  the  inresent  case  to  a local  perturbation  of  the 
interaction  potoitlal  or  a distinct  binding  site  induced  by  the  presence 
of  another  chesilsorbed  species  such  as  carbon  on  the  surface.  This  is  the 
first  reported  observation  of  broader'than-oosine  desorption  and  indicates 
that  the  molecular  species  can  desorb  directly  from  a potential  below  that 
of  the  gas,  l.e.,  %ritb  a negatlire  activation  energy.  From  this  model  we 
also  e^qpect  the  "temperature"  of  the  desorbing  noleeules  to  be  less  than 
the  surfUce  tesqperature,  in  analogy  with  the  effects  of  a positive  acti- 
vation energy. 

Measurements  of  the  rates  of  evolution  of  00,  OO^  and  ^0  from  the 
oxidation  of  the  hydrocarbons  as  a function  of  the  platinum  surface 
temperature  indicate  a common  rate- limiting  step  for  all  three  spacies 
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with  an  activation  energy  of  l6  kcal/mole.  The  energy  of  this  barrier 
is  about  the  riglit  value  for  the  surface  diffusion  of  atomic  oxygen* 

Thus,  the  oxidation  reaction  apparently  proceeds  via  a Langnuir  mechanism 
vith  oxygen  migration  rate  limiting  at  high  oxygen  pressures  and  low  to 
intermediate  temperatures.  By  using  a mixture  of  normal  and  deuterated 
acetylene  in  the  beam  it  was  determined  that  the  reaction  to  form  water 
occurs  in  two  steps,  presumably  via  an  OH  intermediate.  Also,  the  reaction 
kinetics  indicate  that  the  formation  of  also  occurs  in  two  steps  by 
the  further  oxidation  of  surface  CO. 

Bemasek  and  Somorjai  have  recently  used  molecular  beams  to  study 
platinum  single  cz^stal  stirfaces.^^^^  They  studied 
this  reaction  on  a nominally  step-ftree  Pt(lll)  surface  and  on  Pt(997) 
and  Pt(533)  stirfaces  consisting  of  steps  separated  by  (ill)  oriented 
terraces  nine  and  five  atoms  wide,  respectively.  Earlier  work  by  Somorjai 
and  coworkers  have  demonstrated  the  importance  of  steps  in  the  catalytic 
behavior  of  platinum  surfaces,^"^^^^  In  the  present  investigation  the 
stepped  surfaces  were  considerably  more  active  than  the  nominal  Ft(lU) 
sTurface  at  pressures  below  10*^  torr.  Their  data  suggest,  however,  that 
at  higher  hydrogen  pressures  the  Pt(lU}  surface  becomes  relatively  more 
active  and  that  the  differences  also  depend  on  the  beam  modulation  firequency. 

In  this  regard,  they  conqpare  their  work  to  that  of  lu  and  Rye,  using  the 
flash  desorption  method.  In  which  no  dependence  on  step  density  was  observed,^ i 
Apparently,  the  surface  diffusion  of  hydrogen  to  active  sites  occurs  rather  i 

slowly  c<xig>ared  with  the  beam  modulation  period,  even  at  40  Hs.  \ 

V 

i 

Both  amplitude  and  phase  data  aa  functions  of  the  modulation  frequency  I 

were  obtained  in  this  beam  study  and  evaluated  to  determine  the  rate  m | 

parameters  of  the  reaction.  Below  about  600  K Bemasek  and  Somorjai 
report  that  the  jrate  of  HD  formation  is  describ«:;a  by  a pre-exponential  of 

8+1  X 10^  sec  ^ and  an  activation  energy  of  kcal/mole  with  a sharp 

“ 2 -1  ’ 
transition  at  higher  temperatures  to  a pre-e3q>onential  of  x 10  sec 

and  an  activation  energy  of  0.6^.3  kcsLl/mole.  These  activation  energies  i 

are  a good  fit  to  the  slopes  in  an  Arrhenius  plot  of  the  amplitude  data  in  ' 
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these  respective  regions.  However,  Bemasek  auad  Sonorjal's  pre-e:qponential 
constants  specify  a transition  temperature  in  the  region  of  S60  K,  in  dis- 
agreement with  their  data,  so  there  appears  to  be  some  error  in  the  cal- 
culation of  these  parameters  in  this  work. 

The  HD  exchange  data  were  obtained  by  introducing  via  a high  pressure 
multichannel  beam  source  euid  the  Hg  isotropically  above  the  surface. 
mixed  beams  and  a hydrogen  beam  with  a deuterium  ambient  was  also  investi- 
gated. Bemasek  and  Somorjai  report  that  their  results  were  independent  of 
the  method  of  re6u:tant  introduction.  However,  this  statement  is  not  borne 
out  by  a comparison  of  the  HD  exchange  rate  as  a ftmctlon  of  the  beam  and 
ambient  pressures  where  significant  differences  are  apparent.  SSvertheless, 
on  the  basis  of  these  results,  together  with  the  teaqperature  dependence  data, 
Bemasek  and  Somorjai  suggest  a two  branch  mechanism,  with  a Langwuir- 
Hlnshelwood  process  dominant  below  600  K and  a Rideal-Eley  mechanism 
dominant  at  higher  temperatures.  However,  it  appears  possible  that  a more  simpli* 
fled  explanation  would  also  be  consistent  with  most  of  their  published  results. 
Assuming  that  the  reaction  is  indeed  independent  of  the  method  of  intro- 
duction of  the  reactants  and  that  random  mixing  of  the  dissociatively  ad- 
sorbed hydrogen  occurs  on  the  surface,  wher  the  probability  of  formation  of 
HD  on  the  surface  will  be  proportional  to  probability 

for  formation  of  and  given  by  and  [pj  f respectively. 

A plot  of  the  probability  of  HD  formation  versus  either  of  the  reactant 
concentrations  ([H]  or  [D])  gives  a good  fit  to  both  the  bean  and  ambient 
pressure  dependences  reported  by  Bemasek  and  Somorjai,  provided  the 
equivalent  bean  flux  at  the  surface  is  reduced  by  about  half  an  order  of 
magnitude,  relative  to  the  H2  background.  Bemasek  and  Sosnrjai  did  not 
meeisure  the  beam  flux  directly,  but  rely  on  a previous  study  of  the 
chsuracteristlcs  of  a similar  source.  This  uncertainty  nay  be  coupled 
with  x>ossible  sources  of  error  in  the  measurement  of  the  airibient  to 
give  the  total  relative  error  suggested  by  the  random  mixing  model.  In 
lieu  of  such  an  error  in  the  beam  flux  relative  to  the  embient  hydrogen 
pressure,  the  differences  In  the  pressure  behavior  of  the  been  and  the 
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aoibient  nust  be  attributed  to  an  artiftact  resulting  from  ebopping  of  the 
deuterium  beam,  resulting  in  a very  different  interpretation  of  the  kinetic 
data. 
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Bemasek  and  Sonorjai  have  also  obtained  reaction  probabilities  for 
beams  of  Og,  Ng  and  CO  reacting  in  various  conMnatlons  with  and 

CO  over  stepped  platinum  surfaces. Also  investigated  ware  the  de- 
composition  of  HOOOH  and  to  yield  OOg  and  re^eetlvely. 

These  res\ilts  demonstrate  that  there  are  a nuad)er  of  catalytic  reactions 
which  are  aswnable  to  study  by  laolecular  beam  methods. 


IV.  OOWCLUSIOH 

Psz^iaps  the  single  most  important  recent  developsmnt  in  the  field  of 
surface  chemistry  and  catalysis  has  been  the  increasingly  ■oltidiaeiplinary 
approach  to  the  understanding  of  these  j^noewna.  This  trend  has  bean 
promoted  by  the  development  of  a number  of  new  experimental  tedmlgaes 
for  examining,  in  detail,  the  physical  and  chemical  properties  of  the 
surface.  Electron  and  ion  scattering,  various  electron  and  photon  spectroe* 
copies  and  numerous  other  experimental  techniques  including  the  use  of 
molecular  beams  are  being  used  increasingly  in  studies  of  rhmst  re1  inter* 
actions  on  sxurfaees.  The  widely  varying  backgrounda  and  viewpolats  rep- 
resented by  these  specieLLlzed  disciplines  require  a hi|^  degree  of 
cooperation  esnng  these  investigators  in  order  to  more  readily  codify  the 
various  esqMrinental  results  that  are  being  reported  and  to  pemit  a more 
complete  understanding  of  the  underlying  principles. 

Noleeular  beams  have  played  an  iaportant  role  in  studiee  of  reactive 
Interactions  in  the  gas  phase  end  their  application  to  studiee  of  rhmslrel 
interactions  on  surfaces  will  undoubtedly  be  of  similar  ImpcrtaBce.  lbs 
objective  of  these  studies  is  to  permit  a detailed  deserlpticB  of  the 
action  of  the  surface  in  catalyzing  various  cbamloal  reactioBS.  It  is 
often  stated  that  the  action  of  a catalyst  is  to  reduce  the  activabicn 
energy  barrier  to  the  reaction.  However,  of  considerable  isvertamec  are 
geometrical  or  steric  considerations  and  the  entropies  of  the  various 
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states  Involved  in  the  reaction  path.  The  importance  of  these  additional 
factors  has  been  clearly  denonstrated  by  nuaeroiu  easea  idMve  alaetronically 
similar  surfaces  exhibit  dramatically  different  catalytic  propertlea* 

Historically^  conflicting  experimental  results  have  bean  ^rpleal  In 
studies  of  catalysis  and  mieh  of  the  blame  for  these  dlscrepaoeles  has 
been  laid  to  the  uncertain  physical  and  chemical  nature  of  the  catalytic 
surfaces  that  were  studied.  However,  a number  of  researtiiers  are  new 
\ising  modem  expezlmental  tetfinlques  to  achieve  what  are  believed  to  be 
well-characterized,  reproducible  surfaces.  It  is,  therefore,  appropriate 
that  when  results  on  nominally  identical  single  crystal  surlhoes  appear 
to  be  in  conflict,  a earefUl  examination  be  made  for  othar  less  obvious 
factors  that  may  be  important.  For  example,  the  chamlsoarption  of  hydrogen 
and  oi^en  has  been  reported  to  be  unactivated  at  low  surface  fpsraturss 
on  clean  platinum  surfaces.^^*'^*'^^  However,  beam  stadias  at  * 

surface  teaqperatures  have  indicated  an  activation  barrier  to  thp  ^lami- 
sorption  of  theee  species. One  study  has  Indicatad  that  surfhea 
eontamlnation  is  responsible  for  the  activated  adsorption  of  hydrogmo 

(77) 

on  nickel*^  ' However,  there  ia  also  eonsidarable  evidenoe  to  the 
oontrary.^^'^^^  Altamatively,  we  have  pointed  out  that  the  anrfaea 
tesgierature  is  apparently  an  important  parameter  In  the  nhaml sorption 
of  hydrogen  and  oxygen  on  platinum  and  methane  on  tangstan.  The  surfana 
temperature  is  probably  a factor  in  other  gas-surface  adsorption  systams 
as  well,  especially  In  dissociative  adsorption  involving  an  incraaaed 
entropy  of  the  chemisorbed  state.  Undoubtedly,  the  farther  investigation 
of  this  and  other  questions  related  to  catalysis  will  provide  moleeular 
beam  reseaarchers  with  important  areas  of  study  for  soma  time  to  coma. 
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